The eubacterium Thermus thermophilus uses a macromolecular assembly closely related to eukaryotic V-ATPase to produce its supply of ATP. This simplified V-ATPase offers several advantages over eukaryotic V-ATPases for structural analysis and investigation of the mechanism of the enzyme. Here we report the structure of the complex at ∼16 Å resolution as determined by single particle electron cryomicroscopy (cryo-EM). The resolution of the map and our use of cryo-EM, rather than negative stain EM, reveals detailed information about the internal organization of the assembly. We could separate the map into segments corresponding to subunits A and B, the threefold pseudosymmetric C-subunit, a central rotor consisting of subunits D and F, the L-ring, the stator subcomplex consisting of subunits I, E, and G, and a micelle of bound detergent. The architecture of the V O region shows a remarkably small area of contact between the I-subunit and the ring of L-subunits and is consistent with a two half-channel model for proton translocation. The arrangement of structural elements in V O gives insight into the mechanism of torque generation from proton translocation. membrane protein | single particle analysis V acuolar-type ATPases (V-ATPases) in eukaryotes function as ATP-driven proton pumps that acidify intracellular compartments including lysosomes, endosomes, and secretory vesicles. This acidification, in turn, affects diverse processes including protein sorting and degradation, overall ion homeostasis, and protection of cells from oxidative stress (1). Extracellular acidification by V-ATPases is linked to tumor invasion and metastasis and osteoporosis (2). F-type ATP synthases and V-type ATPases are evolutionarily related but differ in the details of subunit composition and arrangement. Both F-and V-type ATPases use a rotary catalytic mechanism where proton translocation through the membranebound F O or V O region, respectively, generates a torque on a rotor subcomplex that drives ATP synthesis in the F 1 or V 1 region. The enzymes can also run in the opposite direction with ATP hydrolysis in the F 1 or V 1 region resulting in proton pumping through F O or V O . This mechanism has been the subject of a large body of research for F-type ATP synthases (e.g., 3-5), but there has also been direct demonstration of rotary catalysis for V-ATPases (6). Some archaea and eubacteria use a complex more closely related to VATPase than F-type ATP synthase, sometimes called an A-ATPase, to generate their supply of ATP (7).
The eubacterium Thermus thermophilus uses a macromolecular assembly closely related to eukaryotic V-ATPase to produce its supply of ATP. This simplified V-ATPase offers several advantages over eukaryotic V-ATPases for structural analysis and investigation of the mechanism of the enzyme. Here we report the structure of the complex at ∼16 Å resolution as determined by single particle electron cryomicroscopy (cryo-EM). The resolution of the map and our use of cryo-EM, rather than negative stain EM, reveals detailed information about the internal organization of the assembly. We could separate the map into segments corresponding to subunits A and B, the threefold pseudosymmetric C-subunit, a central rotor consisting of subunits D and F, the L-ring, the stator subcomplex consisting of subunits I, E, and G, and a micelle of bound detergent. The architecture of the V O region shows a remarkably small area of contact between the I-subunit and the ring of L-subunits and is consistent with a two half-channel model for proton translocation. The arrangement of structural elements in V O gives insight into the mechanism of torque generation from proton translocation. membrane protein | single particle analysis V acuolar-type ATPases (V-ATPases) in eukaryotes function as ATP-driven proton pumps that acidify intracellular compartments including lysosomes, endosomes, and secretory vesicles. This acidification, in turn, affects diverse processes including protein sorting and degradation, overall ion homeostasis, and protection of cells from oxidative stress (1) . Extracellular acidification by V-ATPases is linked to tumor invasion and metastasis and osteoporosis (2) . F-type ATP synthases and V-type ATPases are evolutionarily related but differ in the details of subunit composition and arrangement. Both F-and V-type ATPases use a rotary catalytic mechanism where proton translocation through the membranebound F O or V O region, respectively, generates a torque on a rotor subcomplex that drives ATP synthesis in the F 1 or V 1 region. The enzymes can also run in the opposite direction with ATP hydrolysis in the F 1 or V 1 region resulting in proton pumping through F O or V O . This mechanism has been the subject of a large body of research for F-type ATP synthases (e.g., [3] [4] [5] , but there has also been direct demonstration of rotary catalysis for V-ATPases (6) . Some archaea and eubacteria use a complex more closely related to VATPase than F-type ATP synthase, sometimes called an A-ATPase, to generate their supply of ATP (7) .
The V-ATPase from the eubacterium Thermus thermophilus is composed of nine different subunits with a stoichiometry of A 3 B 3 CDE 2 FG 2 IL 12 (Fig. S1 ). Subunit nomenclature for this family of enzymes differs between F-and V-type complexes and from organism to organism. Where the eukaryotic ATP synthase F 1 catalytic region consists of α 3 β 3 γδε, the V-ATPase V 1 catalytic region consists of B 3 A 3 DF with no equivalent of the ε-subunit. The catalytic A-subunit of V-ATPase is homologous to the F-type ATP synthase β-subunit but also contains an additional nonconserved region that may be involved in the dissociation mechanism that regulates ATP hydrolysis by the complex in eukaryotes (8-10). Instead of a single peripheral stalk, as found in the F-type ATP synthase (11, 12) , V-ATPases have more than one peripheral stalk, each consisting of an EG heterodimer in T. thermophilus (13) . The c-ring in F O is homologous to the c-ring of eukaryotic V-ATPase and the L 12 -ring of the T. thermophilus enzyme (14) , whereas the membrane-bound a-subunit contains an additional N-terminal domain in V-ATPase and is called subunit I in the T. thermophilus enzyme. The C-subunit of T. thermophilus forms a part of the central stalk unique to the V-ATPase family, coupling V 1 to the proteolipid-ring of L-subunits (15) .
Previously determined low-resolution structures of V-ATPases from negatively stained specimens generally share an overall architecture (16) (17) (18) (19) (20) . Most eukaryotic enzyme structures show three peripheral stalks with the archaeal and eubacterial structures more clearly showing two peripheral stalks. Additional support for this difference in the number of peripheral stalks comes from mass spectrometry and antibody labelling experiments (13, 20) . Because these earlier models were derived from negative stain data, they do not give reliable information about the internal structures of the complexes. A cryo-EM map of the V-ATPase from Manduca sexta also clearly showed three peripheral stalks for the eukaryotic enzyme (21) . The model, although obtained from unstained protein in ice, did not show the central rotor penetrating into the A 3 B 3 hexamer and did not resolve significant internal features in the membrane region of the complex.
Crystal structures have been determined for a number of isolated subunits and subcomplexes from V-ATPases. A highresolution crystal structure of the A 3 B 3 complex (22) and a lowresolution crystal structure of the A 3 B 3 DF complex (23) from T. thermophilus revealed a structure similar to the F 1 region of ATP synthase. A crystal structure of the central stalk subunit C was determined from the T. thermophilus enzyme (24) . From the peripheral stalk, only the structure of the globular C-terminal domain of subunit E from P. horikoshii OT3 has been determined (25) . A crystal structure has been determined for the proteolipid K-subunit ring for the V-ATPases from Enterococcus hirae (26) , and atomic models have also been determined for eukaryotic V-ATPase subunits C (27) and H (28) from S. cerevisiae, which have no counterparts in the bacterial enzyme studied here.
Whereas the rotary catalysis mechanism for ATP synthesis and hydrolysis in F-and V-ATPases has been studied extensively (29, 30) , the coupling of proton translocation to the generation of torque in these complexes is not well understood. This deficiency has been exacerbated by a striking lack of structural information for the membrane-bound motors of both types of enzymes. The only subunits in the membrane region of the T. thermophilus V-ATPase are the ring-forming subunit L and subunit I, making it a minimal model for V O and ideal for studying the mechanism of proton translocation. The dominant theory for torque generation in V O and F O is the Brownian ratchet model (31, 32) . In this model, the membrane-bound ring of proteolipids is free to rotate in either direction, with the constraint that the conserved acidic residue of the ring subunit, Glu 63 in the mature T. thermophilus L-subunit (33), must be neutralized by protonation to face the lipid environment. Two offset half-channels, each spanning half the thickness of the membrane, provide a path for protons to and from the acidic ring residue and confer chirality on the direction of rotation. Thermally induced stochastic rotational fluctuations of the ring align the acidic residues with a half-channel and lead to protonation or deprotonation of the residue. Deprotonation of a Glu residue results in attraction to a conserved positively charged Arg residue (34) on the I-subunit [Arg 735 of yeast V-ATPase subunit a (35) and Arg 563 of T. thermophilus subunit I], causing a rotational step in the L-ring. The rotation is biased to go in the required direction by the direction of the proton motive force across the membrane. Crystal structures of the proteolipid-ring complex from both V-and F-type ATPases show that the conserved protonatable residue of each monomer in the ring would be buried in a lipid bilayer with no direct accessibility of solvated protons to the residue (26, 36) . Therefore, in T. thermophilus, the I-subunit must contain both the periplasmic and the cytoplasmic half-channels that conduct protons to and from the Glu 63 residues of the ring.
Here we present an approximately 16 Å resolution 3D map of the intact T. thermophilus V-ATPase from cryo-EM of single particles. The quality of the map allows the various subunits and subcomplexes of the structure to be resolved. Asymmetric features in the resulting structural model suggest that the T. thermophilus V-ATPase relaxes to a single overall conformation when not performing ATP synthesis or hydrolysis. Most significantly, the map also reveals the 3D architecture of the machinery that couples proton translocation across the membrane to rotation of the rotor subcomplex in a V-ATPase or F-type ATP synthase.
Results
Protein Purification, Imaging, and Model Construction. V-ATPase was purified from wild-type T. thermophilus HB8 by conventional chromatographic techniques (16) . SDS-PAGE and negative stain EM were used to confirm that the enzyme preparation was consistent with previously characterized preparations (16) . Protein was frozen on perforated carbon film-coated EM grids and imaged by cryo-EM (Fig. S2) . A dataset of 19,825 particle images was collected and subjected to multivariate data analysis to generate high signal-to-noise ratio class average images (Fig. S2B) . Class averages that represented bona fide views of the complex were selected using the mirror-pair logic described earlier (12) . These class averages could be arranged into a movie sequence that, by showing the structure from a series of views about the long axis, gives the viewer the impression of the structure rotating (Movie S1). From this movie, it is apparent without further analysis that in the T. thermophilus enzyme the V 1 and V O regions are connected by a central stalk and two peripheral stalks. The relative orientation of the views shown in the class averages was determined by rotational analysis (37) (Fig. S3) , and an initial 3D map was calculated from these views and refined by projection matching in Fourier space (38) (Fig. 1A and B). The final EM map had a resolution of 21 and 17 Å as determined by Fourier shell correlation with the 0.5 and 0.143 criteria (39) , respectively, and 18 and 16 Å as determined by Fourier neighbor correlation with Rmeasure (40), using the 0.5 and 0.143 criteria, respectively (see Fig. S4A ). All of the features discussed below were apparent at any of these resolutions but most distinctly so at 16 Å, and consequently the figures rendered here are for a map built to 16 Å. The map has a clear handedness and the absolute hand of the map, which was inconsistent between previous published models ( [16] [17] [18] [19] [20] [21] , was found to be correct as represented here by using the Freehand test (41) (Fig. S4B ).
Overall 3D Structure. The 3D map has several features in common with previously determined maps of bacterial and archaeal VATPases in negative stain (16, 18) , and some features in common with maps of the eukaryotic enzyme. Surface renderings of the map clearly show the V 1 and V O regions, the peripheral stalks, and the central stalk ( Fig. 1A and B). Transverse sections through Gray) . Two of the three bulges in V 1 that allowed for identification of the A-subunits are indicated by arrows. The map was segmented into the A-subunits (Yellow) and B-subunits (Red), the C-subunit (Light Blue), a central rotor consisting of subunits D and F (Dark Blue), the L-ring (Pink), the stator subcomplex consisting of subunits I, E, and G (Green), and a micelle of the bound detergent (Dark Gray). The segmented densities are displayed at a slightly higher threshold than the map to accentuate the molecular boundaries. The scale bar in part C represents 50 Å. The scale bar in part A represents 50 Å and also applies to parts B and D.
the map reveal subunit boundaries and domain structures of individual subunits, as well as a layer of bound detergent surrounding the membrane-embedded region of the complex (Fig. 1C) . All of the cross-sections of the final map are shown in Movie S2. The different densities in the map were sufficiently resolved to allow segmentation of the entire complex into regions corresponding to three A-subunits, three B-subunits, a subcomplex consisting of subunits D and F, the C-subunit, the ring of L-subunits, a subcomplex consisting of subunits E, G, and I, and the ring of density surrounding the V O region that is almost certainly derived from the micelle of dodecylmaltoside (DDM) used to keep the complex soluble (Fig. 1D) . The appearance of the detergent micelle is consistent with the 1.19 g∕ml density of DDM (42), versus the 0.94 g∕ml density of vitreous ice (43) and the generally used density of ∼1.36 g∕ml for protein (44) . The thickness of this detergent micelle is ∼25 Å, which is in good agreement with the known radius of a nonhydrated DDM micelle (45) . Detergent has been observed previously in single particle cryo-EM maps, usually as blurring at the periphery of membrane proteins (e.g., 46 ), but to our knowledge the map presented here shows by far the most distinct delineation observed to date between protein and a detergent micelle in a cryo-EM structure of a membrane protein complex. To interpret the map further, we performed automated rigid-body fitting of available crystal structures and a comparative model of the L 12 − ring, either directly into the whole density map or into individual segmented densities.
The V 1 Region. Subunits A and B are homologous to the β-and α-subunits of ATP synthase, respectively, and almost certainly share the same functions. Subunit A differs from β due to the existence of an N-terminal nonhomologous region that appears as a large protrusion in the EM map (Fig. 1D) . A crystal structure of the A 3 B 3 DF complex from T. thermophilus fits unambiguously into the V 1 region of the map ( Fig. 2A) . Although all three segmented A-subunits and all three segmented B-subunits can be overlaid with high fidelity when extracted from the map as monomers (Fig. S5) , the three different AB heterodimers have different structures within the intact complex (Fig. 2B) . These structural differences appear to reflect different conformational states with one AB heterodimer (labeled I) taking on a relatively 'open' conformation while the other two heterodimers (labeled II and III) adopt more 'closed' conformations. The similarity of the individual A-and B-subunits rules out the possibility that these differences arose from segmenting errors and suggests that the majority of the conformational differences between the different AB pairs can be represented as a rigid-body motion of an A-subunit relative to a B-subunit. These differences in conformation match precisely the different conformations of AB heterodimers seen in a crystal structures of the V 1 -ATPase (23) . That conformations of the AB heterodimers within the V 1 region can be observed, rather than being averaged as one would expect if the population of V-ATPase molecules had three chemically equivalent but structurally distinct positions for the rotor, suggests that all the rotor subcomplexes were in a single, lowest energy position when the specimen was frozen. Subunit D constitutes the majority of the central stalk of V-ATPase and can be seen to penetrate deeply in the A 3 B 3 hexamer, unlike what was described for the V-ATPase from M. sexta (21) and consistent with the lowresolution crystal structure of the complex (Fig. 2C) . Like the different AB heterodimers, the central rotor appears to have a single distinct conformation, allowing visualization of a structure that is consistent with the distantly related γ-subunit of bovine ATP synthase (Fig. 2D) . The curved structure of subunit D results in it having different interactions with the three different AB heterodimers.
The Stator Subcomplex: Subunits E, G and I. The two peripheral stalks of T. thermophilus V-ATPase consist of heterodimers of subunits E and G (13) that bind to the large cytosolic N-terminal domain of the membrane-bound subunit I. Together, these three different subunits form the stator subcomplex of the eubacterial enzyme. In the cryo-EM map presented here, the three different subunits could not be resolved from each other, and all are presented as a single map segment (Fig. 1D) . The two peripheral stalks are each connected to a B-subunit at the top of V 1 and to a horizontal rod-like density at the end nearer the membrane (Figs. 1A and  2A) . Unlike the peripheral stalk of the F-type ATP synthase, neither V-ATPase peripheral stalk runs along a catalytic/noncatalytic subunit interface (11, 12) but rather remains in contact solely with a noncatalytic B-subunit ( Fig. 2A) . Consistent with (Fig. S5) , one of the AB heterodimers appears to be in a different conformation from the others and does not overlay well. Specifically, whereas pairs II (Semitransparent Solid) and III (Mesh) both seem to adopt similar 'closed' conformations (i), pair I (Mesh) can be seen to adopt a more 'open' conformation than pair II (Semitransparent Solid) (ii). The scale bar for this part of the figure represents 25 Å. (C) A side view of the V 1 subunit segments with one AB pair removed shows that the central stalk subcomplex, consisting of subunits D and F (Blue), penetrates deeply into the catalytic hexamer. The DF complex also appears quite asymmetric, suggesting that it was in the same rotational position in all complexes imaged. (D) A crystal structure of the DF subcomplex (Ribbon Diagram) along with the crystal structure filtered to 16 Å resolution (Semitransparent Blue) were docked into the DF map segment (Semitransparent Gray) showing an overall agreement between the cryo-EM map and crystal structure. The lower region of the map segment is not filled due to missing residues in the available crystal structure (23) .
earlier models of the eubacterial (16) and archaeal (18) V-ATPases, the peripheral stalks in our model are nearly parallel to each other and to the long-axis of the complex. This arrangement is different from the peripheral stalk of the F-type ATP synthase (11, 12) , which wraps around the long-axis of the complex and the eukaryotic V-ATPase (17, 21) , where the peripheral stalks have a noticeable curvature. While consistently observed, the role of this bending of the peripheral stalks in some F-and V-type ATPases is not known but could relate to the storage of elastic energy in this part of the assembly.
Inconsistent with previous EM data for the eukaryotic V-ATPase, no portion of either stator contacts the C-subunit of the central rotor (21) , and therefore would not impede rotation of the rotor. The bar that links the two peripheral stalks lies parallel to where the surface of the membrane would be. This density is expected to arise from the N-terminal domain of the 74 kDa subunit I. The two peripheral stalks have nearly identical structures near V 1 but clearly have different interactions with subunit I. Understanding how two identical EG subcomplexes can have different interactions with the same I-subunit will require higher-resolution information about this region of the complex. In eukaryotes, V 1 biosynthesis includes assembly of the Eand G-subunits (2, 47), offering three potential binding sites for peripheral stalks. In comparison, disruption of T. thermophilus VATPase leaves the peripheral stalks with V O (33) , suggesting that in this complex the two peripheral stalk binding sites in V O are higher affinity than the three potential binding sites in V 1 . The presence of two high-affinity binding sites offers a possible explanation for how the T. thermophilus V-ATPase can assemble with just two peripheral stalks when there are three potential binding sites in V 1 .
Subunit C of the Central Stalk and Its Interaction with the L-ring of V O .
The coupling of the DF rotor of V 1 with the membrane-bound L-ring of V O occurs via the rotor subunit C. This C-subunit is homologous with the eukaryotic V-ATPase d-subunit, not the eukaryotic V-ATPase C-subunit. The known T. thermophilus crystal structure of subunit C has threefold pseudosymmetry and an overall funnel shape (24) . This pseudosymmetry is clearly visible in the EM map (Figs. 1Civ and 3A) with both a concave and a convex face apparent for the subunit (Fig. 3B) . The preservation of the pseudosymmetry after averaging images could occur only if the map represents particles that have stopped in, at most, three different positions. The L-ring density and C-subunit densities are oriented such that they do not share the same symmetry axis. This asymmetric positioning of the C-subunit atop the L-ring (Fig. 3B) further supports the hypothesis that the map represents an average sampled from images of particles that have been trapped with the rotor in a single position. The L-subunit is known to form a dodecameric ring (14) . Automatic docking of a comparative model of the L 12 -ring positioned the ring with the connecting loops of the transmembrane helices of the L-subunits facing towards the V 1 region (Fig. 3B and F) , as expected from a crystal structure of the F 1 -c 10 complex from S. cerevisiae ATP synthase (48) . The convex face of the C-subunit can be seen to penetrate only slightly into the L-ring, with the narrowest point of subunit C contacting one edge of the L-ring (Fig. 3B ). This positioning is somewhat different than has been modeled previously (26) . With this orientation, the cytoplasmic loops of the L-subunits would interact with subunit C, thereby coupling the central stalk to the membrane-bound ring. The concave face of subunit C provides a socket to accommodate the DF subcomplex. The three domains of subunit C each align with a B-subunit of V 1 (Fig. 3A) Protein Interactions and Arrangement in the V O Region. The final segment in the membrane region of the complex corresponds to the C-terminal domain of subunit I. The map reveals that this region of subunit I has a defined domain structure in the membrane. Near the cytoplasmic side of the membrane-bound region, subunit I enters the membrane as a single density. Closer to the middle of the membrane, the subunit splits into two domains that are separated by ∼20 Å in cross-sections near the periplasmic side of V O . The smaller of these two domains appears to be an extension along the original trajectory of the peripheral stalk into the membrane whereas the second, larger, domain is found clockwise of the first domain when viewed from V O to V 1 (Fig. 3C) . It can also be seen from cross-sections and from the segmented density (Figs. 1Ciii and 3C-E) that there is only a small area of contact between subunit I and the ring of L-subunits. This contact occurs near the center of the membrane between the larger second domain of subunit I and the ring. The conserved Glu 63 residue of the automatically docked L-ring structure (Fig. 4A ) is located at precisely the same position along the long-axis of the map as the contact point between subunit I and the ring. A previous ∼24 Å resolution map of the yeast ATP synthase (11) suggested a small contact area between the proteolipid ring and the equivalent of the I-subunit in that enzyme. However, in the earlier map, the lower resolution and presence of several other membrane proteins in the complex prevented 3D analysis of the interaction. In the V-ATPase map, there are several gaps in the V O region of the map that are not occupied by either subunit I or the L-ring. The L-ring itself also appears to have a central pore that goes from the cytoplasmic side to the periplasmic side of the membrane region. These gaps are almost certainly filled with lipids. X-ray crystallography of the E. hirae V-ATPase rotor (26) found that the ring contained bound lipids, whereas atomic force microscopy of 2D crystals of Ilyobacter tartaricus c-rings (49) similarly showed a plug that was probably composed of lipids (36) . The hydrophobic tails of lipids have densities less than ice and would therefore appear as empty space in a cryo-EM map, consistent with what is observed here.
Discussion
The cryo-EM structure of the V-ATPase presented here reveals the most detailed model to date for any intact F-type ATP synthase or V-ATPase. At the current resolution, the two peripheral stalks have nearly identical structures and conformations. The apparent differences in conformation of the three AB heterodimers within the complex, the asymmetric positioning of the C-subunit atop the L-ring, and the curved nature of the central stalk and its asymmetric interactions with the A-and B-subunits suggest that the V-ATPase particles were imaged with the asymmetric rotor stopped in a single position. The binding change mechanisms postulates three chemically equivalent catalytic sites that are made structurally distinct due to their different interactions with the central rotor (29) , and therefore that there should be three energetically equivalent positions for the rotor. This discrepancy suggests that the realization of the binding change mechanism in V-ATPase involves some degree of chemical nonequivalence to the three catalytic sites and that there exists a single lowest energy state.
The most important outstanding questions about the V-ATPases and the related F-type ATP synthase concern the mechanism of proton translocation through the membrane and the coupling of this activity to rotation of the rotor. In the T. thermophilus enzyme during ATP synthesis, proton translocation occurs from the periplasmic to the cytoplasmic side of the membrane and causes a clockwise rotation of the rotor when viewed from V O to V 1 (6) . Because the postulated half-channel from the periplasmic side of the membrane would provide protons to neutralize a Glu 63 residue of a L-subunit so that it can enter the lipid bilayer, one would expect the periplasmic half-channel to be clockwise of the cytoplasmic half-channel when viewed from V O to V 1 (31, 32) . The small area of contact between subunit I and the L-ring occurs on the larger of the two membrane-bound domains of subunit I, which is displaced clockwise from the rest of the subunit when the complex is viewed from V O to V 1 . Therefore, it is possible that the larger membrane-bound domain of subunit I makes up the putative first half-channel of the Brownian ratchet model, and protons are supplied to the glutamate residues of the L-subunits via this domain. If the model is correct, the contact between subunits I and L, although small, would have to be sufficient to contain a terminus from both the cytoplasmic and periplasmic half-channels (Fig. 4A) .
The asymmetry with which the membrane-bound components of the complex are arranged is also notable. The small contact area between subunit I and the L-ring suggests that the two subunits are held together by the peripheral stalks, not by an interaction between I and the L-ring. In turn, the two peripheral stalks must be held in place by their interactions with V 1 . Any force attempting to displace subunit I from L would be countered by an opposing force applied by the peripheral stalks. The peripheral stalks are optimally arranged to counter forces attempting to push them away from or pull them towards V 1 . Both peripheral stalks pushing away from or pulling toward V 1 would exert a force on subunit I perpendicular to a line drawn between the stalks (Fig. 4B) . Therefore, from Fig. 4B , it is apparent that the peripheral stalks are optimally arranged to apply a force that is eccentric on the L-ring. It is well known that application of an eccentric force on a rotor will cause it to turn, and this principle powers all man-made motors. An attractive force between the positively charged Arg 563 residue of subunit I and a negatively charged Glu 63 residue of a L-subunit counterclockwise of the contact point (when viewed from V O to V 1 ), would cause the rotor to turn with a clockwise direction, as expected from the known clockwise rotation direction of the rotor during ATP synthesis (6) . Therefore, this eccentric force could be the basis for torque generation in V O .
Materials and Methods
Isolation of T. thermophilus V-ATPase. T. thermophilus HB8 (ATCC No. 27634) was cultured at 70°C in medium containing 0.8% ðw∕vÞ polypeptone, 0.4% ðw∕vÞ yeast extract, and 0.2% ðw∕vÞ sodium chloride and purified as described previously (16) with minor modifications. Harvested cells were lysed in lysis buffer (50 mM Tris-HCl, 5 mM magnesium chloride; pH 8.0) using a Continuous Flow Disruptor (Avestin, Inc.), and membranes were collected by ultracentrifugation. Membranes were washed in lysis buffer and solubilized with 1% ðw∕vÞ n-dodecyl β-D-maltoside (DDM; Anatrace, Inc.) in Buffer A (50 mM Tris-HCl, 5 mM magnesium chloride, 150 mM sodium chloride; pH 8.0). Solubilized membrane proteins were separated from insoluble material by ultracentrifugation, loaded onto to a HiPrep Q-Sepharose column (GE Healthcare) previously equilibrated with Buffer A containing 0.02% ðw∕vÞ DDM, and V-ATPase was eluted with a linear gradient of sodium chloride (150-250 mM). Fractions containing the V-ATPase were pooled, concentrated, and purified further by size exclusion chromatography with a Superose 6 gel filtration column (GE Healthcare) in Buffer A containing 150 mM sodium chloride. Aliquants of purified protein were frozen in liquid nitrogen and stored at −80°C. Because no nucleotide was added during the purification procedure, the preparation of enzyme is presumed to be in a nucleotidefree state (23, 50) . Purified V-ATPase showed >95% N,N'-dicyclohexylcarbodiimide (DCCD) sensitivity in ATPase assays (51) .
Cryo-EM and Model Building. Frozen-hydrated EM specimens were prepared on Quantifoil perforated specimen support grids (Quantifoil Micro Tools GmbH) as described previously (11, 44) with a Vitrobot grid preparation robot (FEI Company). Specimens were imaged using a dose of ∼25 electrons∕Å 2 with a Tecnai F20 electron microscope (FEI Company) operating at 200 kV and with a magnification of 50,000X. Image processing was performed as described previously (11) with an initial model generated using the Rotan procedure (37) and refinement performed with Frealign (38). Volume , neutralizing it so that it can face the lipid bilayer. A second, cytoplasmic, half-channel counterclockwise from the periplasmic half-channel allows proton translocation into the cytoplasm and results in a negative charge on a Glu 63 residue that attracts it to the Arg 563 residue. (B) The peripheral stalks are optimally arranged to exert a force on the membrane-bound I-subunit perpendicular to a line drawn between the two stalks. This force, if applied to counter an attraction between a conserved negatively charged Glu 63 residue from a L-subunit and the positively charged Arg 563 residue of the I-subunit, would be eccentric on the rotor and would cause rotation of the L-ring. The map segment corresponding to the peripheral stalks and I-subunit is shown in green with the surface colored blue at the contact point between subunit I and the L-ring to represent the positive charge of the conserved Arg 563 residue. The conserved Glu 63 residues are shown as space-filling representations. The Glu 63 residues that are expected to be uncharged are shown in gray whereas the Glu 63 residues that are expected to be negatively charged are shown in red. The scale bar represents 25 Å.
segmentation was performed manually with Qsegment in EMAN (52) , and a comparative model of the L 12 − ring was generated with MODELLER (53, 54) . Automated and semiautomated rigid-body fitting was carried out with Situs Colores (55) and with UCSF Chimera, respectively (56) , and all image rendering was performed with UCSF Chimera (56) .
